 Hippocampal atrophy plays no role in short-term memory binding  The globus pallidus could be part of the brain network supporting binding  Total brain atrophy does not correlate with striatal grey matter atrophy in MCI  Striatal grey matter atrophy reflects in total brain atrophy in controls  Hippocampal and parahippocampal volumes correlate in MCI and controls ABSTRACT Background: Deficits in short-term memory (STM) binding are a distinguishing feature of preclinical stages leading to Alzheimer"s disease (AD). However, the neuroanatomical correlates of conjunctive STM binding are largely unexplored. Here we examine the possible association between the volumes of hippocampi, parahippocampal gyri, and grey matter within the subcortical structuresall found to have foci that seemingly correlate with basic daily living activities in AD patients -with cognitive tests related to conjunctive STM binding.
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representation. The choice of this particular binding task for the purpose of the current study is that it is not affected in healthy ageing (Brockmole et al., 2008) , though it is impaired in early AD (Parra et al., 2009 ). Moreover, it is not affected by repeated testing , or by the level of education (Parra et al. 2011) , so it can be used to test people with low levels of literacy as well as people who are highly educated and in assessing patients with very different socio-cultural backgrounds (Parra et al. 2011 ).
As pointed out by (Moses & Ryan, 2006) , knowledge on the neuroanatomical correlates of conjunctive binding in STM is still in its infancy and, as such, the circuitry involved is largely unknown. Targeted structures include the hippocampus, which traditionally is seen as an essential component of LTM function and has been repeatedly linked to relational memory binding functions regardless of the memory system (i.e. LTM or STM); (Liang et al., 2016; Parra et al., 2015) . However, several studies involving hippocampal lesions have shown that conjunctive STM binding is preserved despite hippocampal atrophy (Baddeley, Jarrold, & Vargha-Khadem, 2011; Parra, Fabi et al., 2015; Zokaei et al., 2018) . A fMRI study by Parra et al. (2014) looking at regional neural correlates of a conjunctive STM binding task found no significant activation of the hippocampus or medial temporal lobe. Another study by Parra et al. (2015) looking at a stroke patient with a lesioned right hippocampus found that conjunctive STM binding was completely unimpaired, despite a relational STM binding deficit. More recently, Jonin et al. (2019) confirmed a selective impairment of relational binding when the hippocampal system is compromised as shown by clinically relevant memory tests in a patient with developmental amnesia due to bilateral damage to the hippocampus at birth (see Baddeley et al. 2010 for a similar finding). The latter study is of particular relevance as the authors contrasted tests of relational LTM commonly used in clinical settings, which are known to assess associate memory functions of the hippocampus (e.g., PAL-CANTAB, Four-Mountain Test, FCRST) with tests of conjunctive STM binding. The patient who features in this case study failed all the relational memory tests but succeeded on all the conjunctive memory tests. These studies bolster a growing body of work that challenges the notion that hippocampi are the key neurological loci for relational but not conjunctive STM binding Parra, Fabi, et al., 2015) . Furthermore, they also challenge the notion that the hippocampus and its associated functions should be the target of cognitive assessments aimed at the early detection of AD (Dubois et al., 2010; Dubois, Hampel, et al., 2016; Dubois, Padovani, Scheltens, Rossi, & Dell'Agnello, 2016) . Although the evidence discussed above, gathered from cognitively normal individuals and patients with neurological disorders that are not part of the continuum of cognitive decline of progression to dementia, lends support to the hypothesis of a hippocampal-independent conjunctive STM binding function, such a hypothesis has never been addressed in patients with neuroprogressive diseases that cause dementia. One possibility is that in such individuals the hippocampus would support aspects of STM processing needed to temporarily retain feature bindings (see for example Yonelinas, 2013) . A second possibility is that cortical areas involved in components of the STM network supports STM binding in these patients. For instance, frontal and parietal-occipital cortices have been already reported as correlates of conjunctive STM binding in patients with sporadic or familial MCI Pietto et al., 2016) . A third, underexplored, possibility is that striatal and/or thalamic grey matter support STM binding in these patients.
Striatal structures have been shown to associate with working memory (Eriksson et al., 2015) . A review of the literature up to 2016 on brain atrophy in AD and ageing highlights that few studies have reported significant atrophy in striatal structures in AD (Pini et al., 2016) . It concludes that the impact of these changes in cognition still remains unclear; and hypothesises that, in AD, atrophy in these structures might be secondary to degeneration of structures connected to them as the hippocampus (Pini et al., 2016) . The timeline of these structural changes in the continuum of cognitive decline to dementia is still unknown. A voxel-based morphometry analysis revealed small striatal clusters to be correlated with basic daily living activities in patients with AD on a study that mapped the neuroanatomy of functional decline in AD from basic to advanced activities of daily living (Slachevsky et al., 2019) . Moreover, amyloid signal in the striatum improves the description of AD progression (Hanseeuw et al., 2018) .
However, the striatal input in STM binding remains unexplored.
Similarly, in recent years, evidence from multiple studies support novel views of thalamic functions that emphasize integrative roles in cognition, including memory (Bradfield et al., 2013a; Wolff et al., 2015; Alcaraz et al., 2016; Cholvin et al., 2013; Mitchell & Dalrymple-Alford, 2006) , especially due to its role in subcortical integration (Mitchell, Dalrymple-Alford & Christie, 2002) , key for maintaining and updating representations (Loureiro et al., 2012; Sweeney-Reed et al., 2014) . A recent study proposes that the large range of diverse and apparently separate cognitive functions that have been associated to the thalamus, ranging from learning and memory to flexible adaptation, may indeed be supported by a more general role in shaping mental representations (Wolff & Vann, 2019) . Several features of thalamocortical circuits are consistent with this role, suggesting that divergent and convergent thalamocortical and corticothalamic pathways may complement each other to support these functions.
Its association with STM binding is, however, unknown, despite suggestions on its possible involvement in memory binding tasks (Bradfield et al., 2013b; Wolff & Vann, 2019) .
This study aims to first establish whether the conjunctive STM binding task differentiates individuals with and without MCI and then identify the key subcortical and whole-brain correlates for this function.
The well-established hippocampal and parahippocampal (i.e. entorhinal) atrophy in AD (Dubois et al., 2014 , Amirnoff, Kveraga & Bar 2013 , Arlt et al., 2013 , Pini et al., 2016 fully justifies the volumetric examination of these medial temporal lobe regions in addition to that from the rest of the subcortical grey matter areas, which have been largely unexplored in relation to memory binding, despite indications of their possible involvement. Two memory loads were used for the STM binding tasks and the baseline STM task (i.e., single feature such as shape only). Traditional neuropsychological tests were also used to in the assessment such as the Addenbrooke's Cognitive Examination (ACE), Trail Making Task (TMT B-A), Hopkins Verbal Learning Tasks (HVLT) and verbal fluency tasks (Total FAS and Animal Fluency). Processing speed was assessed by a Digit Symbol Substitution task and Rey Figure drawing tasks and the language ability was assessed by a Graded Naming Test. By analysing the volume of grey matter (GM) within the striatal structures, thalami and hippocampi from brain magnetic resonance imaging (MRI), in cognitively normal and MCI patients who undertook a baseline STM and conjunctive STM binding tasks with two different memory loads, we hope to shed further light on the striatal and hippocampal involvement in STM and conjunctive STM binding. Given that general atrophy is a sensitive marker of cognition in the elderly (Royle et al., 2013) , and one of the main signatures in AD (Pini et al., 2016) , we also want to explore to which extent general atrophy (i.e. given by total brain tissue and normal-appearing white matter volumes) is involved in the conjunctive STM binding functions evaluated here. We hypothesise that the volume of GM in the basal ganglia structures, and possibly in the thalami,could be associated with the performance on STM binding tasks.
MATERIALS AND METHODS

Study participants
The sample used in this study was composed of 26 cognitively normal individuals and 24 non-amnestic patients diagnosed with MCI matched for age and years of education, which consented to participate in a study of cognitive ageing funded by the UK Alzheimer"s Society (https://www.alzheimers.org.uk/research/our-research/research-projects/can-identifying-problems-shortterm-memory-help-diagnose-alzheimers-disease). Patients under the care of a geriatrician (JS) and an old age psychiatrist (VP), were referred to the primary study that provided the data after confirming they met inclusion criteria (aged 60+, changes in memory, or outcome of relevant neuropsychological tests carried out as part of their routine examination, due to concerns on thinking abilities reported by patients or close relative, unlikely explained by cerebrovascular disease or depression, and not sufficient to meet criteria for dementia). Control participants reported no health problems or significant clinical history. They were recruited through the panel of volunteers of the Psychology Department of the University of Edinburgh who also applies a battery of neuropsychological tests as part of their recruitment procedure (https://www.ed.ac.uk/ppls/psychology/research/volunteering). All participants gave their informed consent to take part in the study. The primary study that provided data for this study was approved by the relevant NHS Scotland Research Ethics Committees (Ref: 06/MRE07/40). We used all structural imaging, demographic and cognitive data available.
MRI acquisition
Structural MRI was performed on a GE Signa Horizon HDx 1.5 Tesla MRI scanner following the imaging acquisition protocol from a large study on cognitive ageing (Wardlaw et al. 2011) . Sequences acquired were: T1-, T2-, T2*-and Fluid Attenuated Inversion Recovery (FLAIR)-weighted whole brain scans. Sequence parameters are described in Table S1 of the Supplementary material.
Image analysis
Contents of intracranial volume (ICV) within the inner skull table including normal appearing white matter, cerebrospinal fluid, brain tissue, veins and dura, were initially extracted automatically using the brain extraction tool (BET2) from the FMRIB software library (FSL) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki).
Binary ICV masks were visually checked and manually edited in axial, coronal and sagittal planes when required using Mango (http://ric.uthscsa.edu/mango/). Normal appearing white matter (NAWM) and cerebrospinal fluid (CSF) were segmented using another tool from the same library: the FSL Automatic Segmentation Tool (FAST) with the default settings and the brain extracted T1-weighted image as input. This tool uses a hidden Markov random field model and an associated Expectation-Maximization algorithm to produce a 3D volume where each voxel has values between 0 and 1 indicating the probability of it being CSF, grey matter or NAWM (Zhang, Brady and Smith, 2001) . The structures of the basal ganglia, hippocampi and thalami were extracted using a combination of other three tools from the same library: Smallest Univalue Segment Assimilating Nucleus (SUSAN) to reduce noise, FMRIB's Linear Image Registration Tool (FLIRT) and a model-based segmentation/registration tool (FIRST), combined on an automatic pipeline developed in-house described in details previously (Valdés Hernández et al., 2015) . This result was visually assessed for further manual editing when it was required. The probabilistic maps resultant from the tissue segmentation were combined with the results from the subcortical segmentations using partial volume estimates to discern the volume of the GM tissue in the subcortical structures. Parahippocampal gyrus volumes were assessed using T1W sequences and edited manually using Mango in axial, coronal and sagittal planes. All brain volumes were adjusted for head size related differences using ICV. All measurements were performed blinded to any other clinical, cognitive or demographic information. Two observers (RC and MVH) assessed each segmentation result, and discrepancies were discussed until a final agreement was reached. Figure 1 illustrates an example of the segmentation results.
To explore voxel-wise differences between the regions of interest ( (Dickie et al., 2016) and generated, separately, the probability distribution map of these ROIs in controls and MCI patients.
Cognitive assessments
All participants undertook a comprehensive neuropsychological interview prior to or soon after the MRI scan (± up to 1 month apart). Pre-morbid intelligence was assessed using the Test of Premorbid Function (TOPF; Wechsler), and a perceptual binding task was used to screen participants in order to assess whether they were capable of forming and processing bindings in perception (Parra et al., 2010) . Following initial screening, Addenbrooke's Cognitive Examination (ACE-R) (Mioshi et al., 2006) was performed to further assess neuropsychological impairments, and executive functions were assessed using the difference between Trail Making Task (TMT B-A), and verbal fluency tasks (COWAT -letter and animal naming fluency, Sumerall et al., 1997) . Hopkins Verbal Learning Tasks (HVLT) (Benedict, et al., 1998) for recognition, delayed recall and total recall were used to assess memory and learning of word lists. Processing speed was also assessed using a Digit Symbol Substitution task (Wechsler, 1997) , and Copy and Recall of Rey Figure ( Osterrieth, 1944) drawing tasks were used to assess visual immediate and delayed recall ability. A Graded Naming Test (Warrington & McKenna, 1980) was used to provide a language ability score (Parra et al., 2010) .
Conjunctive STM binding was assessed using the procedures set out by Parra et al. (2010) . The STM tasks presented three conditions, one assessed memory for Shape Only and two assessed memory for Shape-Colour Binding. The former condition served as the baseline. Two memory loads were used in the assessment. The baseline condition and one condition assessing STM binding presented 3 items.
We included an additional condition to assess STM binding at low memory load (2 items). We have recently noted that STM tasks assessing conjunctive binding should consider memory load with the regard to study"s hypothesis (e.g., whether the cost of feature binding in STM is relevant) and the studied population (i.e., clinical samples with different disease severities). We decided to subject such an issue to further investigation within the neuroanatomical context. Typically, the STM binding test asks participants to identify changes occurring across two consecutives displays, a study and a test display. Changes can involve new features replacing features previously studied as it is the case for the Shape Only condition, or studied features swapping between items during the test display, as it happens in the Shape-Colour Binding condition. To detect the former, memory for individual features suffices whereas for the latter, memory for the binding between features is additionally needed. We recorded the accuracy with which participants recognised changes or sameness.
Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics 21 and double-checked using MATLAB R2014a (scripts provided as supplementary material for reproducibility and comparability purposes).
Due to the small sample size, and to avoid overestimation in the significance of our results, all tests were repeated using bootstrap with n=1000 samples. Group comparison was done using the Independent Samples T-Test for equality of means with bootstrap. The Levene"s test for equality of variances showed that variances were unequal for all cognitive and imaging variables. We performed a two-tailed bivariate Pearson"s cross-correlation between all brain volumetric and cognitive variables used to explore: 1) whether the bivariate relations between these variables followed a distinct pattern in each group, 2) whether the covariates used in the regression models (i.e. age, biological sex and years of education) were related with any of the cognitive and imaging variables in the sample, and 3) the bivariate relationships between imaging and cognitive variables in the whole sample. Full bootstrapped results are given in supplementary data spreadsheets considering both pair-wise and list-wise exclusion of missing values, for transparency. All results were corrected for multiple comparisons using false discovery rate (FDR). The p-values and their correspondent q-values containing measures of hypothesis testing error for each observation, resultant from this analysis (Storey, 2002) are also given in a supplementary data spreadsheet. We performed linear regression using general linear models that considered only main effects to investigate possible associations between brain volumetric variables (i.e. independent variables) and cognitive task performance (i.e., dependent variables) within control and MCI groups (i.e., selection variable) when accounting for age, gender and years of education (i.e., covariates). The percentage of CSF volume in ICV was used as a surrogate for total brain atrophy in all analyses. The type one error was set at P < 0.05.
RESULTS
Sample characteristics
The descriptive statistics of the sample are given in Table 1 . More details (including the descriptive stats on age, gender, and measurements) can be found in the supplementary Table S2 and graphically in supplementary Figures S1 and S2. Our final sample consisted of 21 MCI patients and 25 control participants of comparable age and education, who had both adequate MRI sequence data to assess the imaging parameters involved in the analyses (e.g. normal tissues, GM in subcortical structures and parahippocampal gyrus), and completed the cognitive tests. The discrepancy with the initial recruitment figures were lack of relevant structural images due to incomplete scan sessions (2 cases), and/or absence of cognitive data (4 cases).
Group comparison
Group comparison between cognitive variables
Group comparison of cognitive performance outcomes yielded highly significantly lower mean values of STM binding with load 2 (see task description above) ACE, HVLT total recall, and total FAS, animal fluency, digit symbol, Rey figure immediate recall and graded naming test for the MCI group compared to the controls (P = 0.021 -0.001, Table 2 , Supplementary Figure S1 ). Mean group differences in the outcome of the STM task presented Shape-Only (with 3 objects), HVLT delayed recall and Rey figure delayed recall had only marginal significance (P = 0.041 -0.043).
Group comparison between imaging variables
Group comparison of imaging markers in MCI and control groups yielded significant differences in right hippocampal, total hippocampal, and parahippocampal gyrus volumes and no significant differences in other subcortical areas (i.e. all corrected by head size, Table 2 , Supplementary Figure S2 ). Figure 2 illustrates the results of subtracting the probability maps of the distribution of the ROIs analysed in the MCI group from those in the control group (i.e. voxel-wise group differences) in five representative axial slices. Despite global atrophy measurements (i.e. CSF and NAWM volumes) not differing between both groups, the control group had higher probability distribution of the GM in these structures around the ventricles of the template compared to the probability distribution of the GM in these structures in the MCI group ( Figure 2 ). Despite this being indicative of wider ventricles in the MCI group with respect to the control group, a closer look at the ventricular deformation patterns suggest these differences being due to individual morphometry differences possibly related to lesion load and abnormalities (not analysed).
Bivariate relations
Bivariate relations in each cognitive group
The pattern of bivariate bootstrapped correlations differed in control and MCI groups (Tables 3 and 4 ).
Amongst cognitive variables, however, the outcome from the Rey figure immediate and delayed recalls, significantly correlated in both groups even after FDR correction (Table 3) . Statistically significant correlations at the 0.01 level (2-tailed) were consistent regardless of whether missing values were excluded list-wise or pair-wise.
Bivariate relations between cognitive variables
After FDR correction, the outcome from the STM binding task that presented 3 Shape-only objects correlated with the outcome from the trail making test and graded naming test in the control group. The STM binding tasks that presented 2 and 3 Shape-Colour objects only correlated with each-other in the control group. None of these tasks correlated with any other cognitive variable in the MCI group after FDR correction.
Bivariate relations between imaging variables
In the control group general atrophy and GM in thalami correlated with all other imaging volumes except those from the globus pallidus and the parahippocampi. In fact, in this group the GM volume in the right globus pallidus did not correlate with any other imaging volume and the parahippocampal volume only correlated with the right hippocampal volume. On the contrary, in the MCI group general atrophy measurements did not correlate with any other structural volumes and the parahippocampal volume correlated with all hippocampal, right globus pallidus and thalamic measurements. The thalami GM volume in the MCI group also correlated with the hippocampal and caudate volumes (Table 4) . Table S3 ). The former (i.e. STM binding with two objects and left globus pallidus volume in the MCI group) survived FDR correction (Supplementary data spreadsheet "Correlations_FDR_results.xlsx"). The STM binding condition with memory load 3 did not correlate with any imaging variable in either group.
Bivariate relations between cognitive and imaging variables
Bivariate relations of cognitive and imaging variables with demographic variables
In the control group, age only correlated with animal fluency (r=-0.41, P=0.040), whereas in the MCI group age correlated with STM binding test with memory load 3 (r=-0.49, P=0.020) and digit symbol (r=-0.46, P=0.027). Age did not correlate with any of the imaging variables in the control group, but in the MCI group, age negatively correlated with the GM volumes in the hippocampus, caudate and thalami with similar strength (r≈-0.50) and significance (P<0.050) levels. Only the correlation of the right thalamus with age survived FDR correction.
Bivariate relations in the whole sample
Bivariate relations between cognitive and imaging variables
The outcome from both conjunctive STM binding tasks (i.e. shape-colour with 2 and 3 objects) correlated with the volumes of total normal appearing white matter (r=0.32, P=0.047), and GM in the right caudate nucleus (r=0.33, P=0.030), but these correlations disappeared after bootstrap. The Shape
Only condition significantly correlated (r>0.42, P<0.001) with all hippocampal volume measurements (i.e., left, right and total) before and after bootstrap. The HLVT total recall, digit symbol and Rey figure delayed recall tests were the cognitive tests that exhibited the widest pattern of correlations with imaging variables, with the digit symbol and Rey figure delayed recall showing correlation with total brain atrophy (i.e. % of CSF in ICV, r=0.49, P=0.001 and r=0.41, P=0.006 respectively) ( Supplementary   Table S4 ).
Bivariate relations of cognitive and imaging variables with demographic variables
Age significantly correlated with structural volume deficits in left hippocampus ( 
Associations between cognitive and imaging variables
In the control group, regression analyses found the following associations: Figure 3 illustrates the regression slope for all study participants (i.e. regardless of biological sex differences) from both cognitive groups accounting for age. No significant association was found between the STM binding condition with memory load 2 and hippocampal volume ( Figure 3 ).
DISCUSSION
This study was set out to investigate the extent to which impaired abilities to process conjunctive feature bindings in STM in patients with cognitive decline seemingly due to neuroprogressive diseases could be accounted for by structural changes in regions of the medial temporal lobe (i.e., the hippocampus and parahippocampal gyrus) or striatal regions which remain unexplored in the context of this new memory paradigm. Our key findings were (1) no apparent association between hippocampal GM volume and impaired abilities to process bound information in STM (2) GM volume of regions of the striatum (i.e, globus pallidus) can account for such impairments specifically, when memory load allows for a good discrimination between patients and controls and premorbid cognition is not considered. We discuss these findings in turn.
The fact that the pattern of bivariate correlations, mainly between imaging variables, differed in control and MCI groups is an interesting result, especially the fact that general brain atrophy correlated with atrophy in hippocampi and caudate in the control group but not in the MCI group. This, however, is inline with findings from other studies that have found spatially complex atrophy patterns in MCI, consistently involving cortical and periventricular regions and not subcortical grey matter (e.g., Fan et al. 2008) . A systematic review and meta-analysis on cerebral atrophy in MCI concluded that although the medial temporal lobe is likely to be more vulnerable to MCI, atrophy in this brain region represents a relatively small proportion of the whole brain loss, suggesting that the source of unaccounted volume loss in MCI requires further investigation (Tabatabaei-Jafari et al., 2015) . Being age known to correlate with general atrophy in cognitively normal ageing individuals (Royle et al., 2013) , then, not surprisingly the bivariate correlations between age and the volumetric imaging parameters analysed differed between groups despite both being age-matched.
In agreement with other studies, the GM volume in the hippocampus and in the parahippocampal gyrus, significantly differed between controls and MCI patients. However, in both groups the hippocampal and parahippocampal volumes were correlated. The GM volume in basal ganglia structures, however, failed to distinguish between groups. Atrophy of basal ganglia structures has been linked with cognitive deficits in different types of dementia (e.g., AD, Parkinson"s and Huntington"s disease) but, to a lesser extent, with MCI (Cho et al., 2014) . As of yet, the relatively sparse research observing globus pallidus volumes in individuals with AD appears to have found no significant differences compared with volumes of healthy controls, despite pallidal volume reductions being observed in fronto-temporal dementia patients (Moller et al., 2015 , Yi et al., 2016 . The possibility that the MCI individuals in this sample would be displaying early signs of fronto-temporal dementia rather than AD seems unlikely, especially as the binding task has shown high specificity to AD (Della Sala, Parra, Fabi, Luzzi, & Abrahams, 2012) Cecchini et al, 2017) . Hence, the fact that the group of MCI patients presented with hippocampal atrophy would represent an increasing likelihood of risk of AD pathology despite hippocampal atrophy per se lacks specificity for AD, as it can be also present in non-AD forms of dementia (Pini et al., 2016) .
Hippocampal atrophy in relation to AD and cognitive decline with ageing is well documented and is thought to be one of the earliest volumetric biomarkers of the disease, in line with volume differences observed here (Arlt et al., 2013) and findings in rodent models of the disease (Redwine et al., 2003) .
The role of the parahippocampal gyrus in cognitive processes is also well known (Aminoff et al., 2013) and its atrophy has been recently noted in the context of age-related cognitive decline (Karama et al., 2014 ), although the same study warns on the lifelong effect of childhood cognition in the preservation (or thinning) of the cortex.
In the context of the present study, we failed to find associations between hippocampal volume and impaired conjunctive STM binding functions in patients with MCI. There was an association between hippocampal volume and shape-only processing in MCI patients. The apparent involvement of the hippocampus in working memory tasks when memory load increases has been recently noted. However, such involvement is not binding specific as neither STM binding conditions (2 or 3 items) revealed hippocampal dependent impairment. Evidence has now accumulated confirming that conjunctive STM binding, a function sensitive to AD, is independent from the hippocampus ( Parra, Fabi, et al., 2015) . Here, using different techniques, we demonstrate that this is also true in older people with cognitive impairment who are at a high risk of developing AD dementia. (Parra, Saarimaki, et al., 2015) noted, that whereas conjunctive STM binding deficits in familial AD were accounted for by loss of white matter integrity in the prefrontal cortex, damage to white matter in medial temporal lobe (i.e., fornix) accounted for poor performance on LTM relational task (i.e., PAL of Wechsler Memory Scale). Additionally, contrary to conjunctive STM binding, which seems to rely on a more localized network, associative memory seems to involve an extended network. In the present study we found that global brain atrophy indicators were associated with the outcomes from the HVLT delayed recall. The HVLT assesses the ability to form categorical clusters which is a form of relational memory in the semantic domain (Calia et al., 2017) .
Such a reliance on wide brain network renders relational memory tests more vulnerable to a range of neuropsychiatric diseases and as a result less specific. STM binding has proved to be a specific AD marker (Cecchini et al., 2017; Della Sala et al., 2012; M.A. Parra, Abrahams, Logie, & Della Sala, 2010 ), a property seemingly resulting from the more focal network subserving this function.
Our regression analysis results indicate that the GM volume of the globus pallidus can be associated with STM binding performance in MCI patients. This result adds strength to the argument that the search for a conjunctive STM binding biomarker should shift focus away from the hippocampus (Hoefeijzers, Calia, & Parra, 2016; Jonin et al., 2019) , and possibly towards structures within the basal ganglia. Initially, only two imaging variables showed significant bivariate correlations with the STM binding tasks in our whole sample: the GM volume in the right caudate nucleus and the total normal appearing white matter. Volume changes with cognitive decline in both have been previously described with respect to AD (Persson et al., 2018) . However, involvement of basal ganglia structures such as the caudate nucleus (associated with working memory functions), or normal appearing white matter (commonly associated with processing speed functions) in conjunctive STM binding is a new finding.
After adjusting for demographic variables (age and biological sex) and years of education, the bivariate correlations initially found with the results from the visual STM binding tasks disappeared, and in the MCI group, the visual STM binding task with 2 objects was associated with the GM volume in the globus pallidus. In addition, the same cognitive task with 3 objects was associated with the total brain tissue atrophy given by the percentage of CSF volume in ICV. But the latter association (i.e., STM binding task with 3 objects), if replicated in larger samples, needs to be interpreted with caution as patients" performance on this task was close to chance (see for suggestions about optimal task settings). These results seem to be in line with recent findings by . The authors suggested that STM binding is extremely sensitive to the early stages of AD and such sensitivity leads to near floor performance as individuals approach the dementia stages. This could explain why in the condition when STM binding was assessed with 3 items a non-specific pattern of correlation involving extensive brain regions and structures was found. However, when the task demands do not excessively tax memory functions (see (Logie, Parra, & Della Sala, 2015) ), as it is the case with visual arrays of 2 coloured shapes, the impaired STM binding abilities, which were significant in MCI patients, were accounted for by more specific neuropathological findings. Currently, there has been little exploration of the role of the globus pallidus in STM, and to the best of our knowledge the role of basal ganglia structures in conjunctive STM binding has not been researched. The current view, based on pallidotomy studies, is that the globus pallidus has no role in STM function (Birska et al., 2016) in patients with dystonia.
Animal studies have found that the globus pallidus is involved in memory processing. For example, a study found that excitotoxic lesions in the globus pallidus, which spare the passing fibres, lead to impairments in acquiring and remembering light-reward conditioning but leaving basic visual discrimination intact (Evenden et al., 1989) . The patients assessed here showed completely normal visual discrimination as assessed by a perceptual binding task used as a screening tool prior to the STM binding test. The impaired visual conditioning in rats has been linked with the cholinergic neuronal loss in the globus pallidus (Everitt et al., 1987) . Other animal experiments have shown that ventral pallidum sends dense inhibitory projections to the mediodorsal thalamus (Churchill et al., 1996) , an area that is required for and is active during working-memory tasks (Han et al., 2013; Stokes & Best, 1990) . Pharmacologically activating ventral pallidum impairs STM in an alternating task in the T-maze (Kalivas et al., 2001) , as well as in a delayed non-matching-to-lever task (Zhang et al., 2005) . At the circuit-level, globus pallidus is linked to the prefrontal cortex via thalamus and together is critical for short-term memory processing (Dunnett, 1990) . Although it is yet to develop a corresponding task in rodents for VSTMB, the recognition component of this task can be compared with object recognition tasks in rodents. In fact, recent studies relying on EEG based methods have confirmed that STM binding relies on a cortical network involving frontal, parietal, and occipito-temporal regions Pietto et al., 2016; Smith et al., 2017) . Globus pallidus lesions impair the short-term object recognition (Ennaceur, 1998) . Combining the touch-screen technology (Talpos et al., 2014) with pharmacological or optogenetic inactivation (Goshen, 2014) , future rodent studies will allow further substantiation of the causal role of globus pallidus in memory binding. Hence, this study adds to the existing knowledge about the neural correlates of STM binding and provides evidence suggesting that in cognitively impaired older adults with a high-risk profile of AD, loss of ability to conjunctively bind information in STM can be accounted for by damage to striatal regions such as the globus pallidus.
A potential account for why the more taxing condition (STM binding with 3 items) was less discriminative in the present study was already provided . However, it is worth noting that in the present study the average performance of the control group was also low in this condition of the STM task. Based on existing evidence about the very early impact of AD on this cognitive functions (Parra, Abrahams, Logie, Mendez, et al., 2010; Parra et al., 2011) , it might be plausible to suggest that a few participants of the control group could be already in the preclinical stages of AD (see Koppara et al., 2015; Parra, Gazes, & Stern, 2017) . Future studies are needed to elucidate whether and how poor STM binding performance should be used as a criterion for group membership. Regarding our key neuroimaging finding, it is likely that results of previous studies, which show no reduction in globus pallidus volumes, have focused on total structural volume as opposed to its grey matter content assessed here. This would explain the volume differences observed between groups here, and possibly explain why we see no significant reduction in other basal ganglia volumes.
Using striatal signal as a marker of advanced amyloidosis may increase predictive power in AD research (Hanseeuw et al., 2018) . Assuming the globus pallidus is implicated in binding (or in cognitive functions underpinned by this cognitive construct), the inner architecture, circuitry and downstream centres involved in this task are still to be elucidated. Degeneration of nigrostriatal inputs to the globus pallidus involved in Parkinson"s disease seems to be unlikely as Della Sala et al. (2012) found that conjunctive STM binding could distinguish AD from other forms of dementia including Parkinson"s dementia. Perhaps instead, other major projections to striatal structures whose degeneration acts as hallmarks of AD pathology should be investigated (see Hanseeuw et al., 2018) . For example, the ventral visual stream, which has an established role in binding function and heavily supplies the perirhinal cortex previously implicated in binding (Staresina & Davachi, 2010) . Nevertheless, previous studies that have linked the perirhinal cortex with binding functions, have failed to link this region with conjunctive object colour binding (Clarke & Taylor, 2014) , a result that requires to be explored in larger studies.
The strengths of our study are the comprehensive battery of cognitive tests and the state-of-art image processing followed by a detailed visual scrutiny and manual boundary rectification, resulting in accurate measurements. Different from the vast majority of studies, we did not analyse the volume of the subcortical structures, but the volume of grey matter in them, reducing the impact of inaccuracies that could arise in the boundary delineation of these structures. The protocol used in this study also described hippocampal measurements as inaccurate in 2/3 cases when not corrected manually (Wardlaw et al., 2011) . A study by Meijerman et al. (2018) , looked at the reproducibility of deep grey matter atrophy assessment in large data sets, including data on the globus pallidus, and found substantial errors in reproducibility. We accounted for the possible inaccuracies in the results caused by this specific sample that may not be fully representative of the population using bootstrap with n=1000.
The application of this technique yielded an important finding worth exploring further: if accounted for years of education, the apparent effect of the globus pallidus in the conjunctive STM binding might disappear. This result constitutes another evidence supporting the lifelong effect of prior cognition in the apparent associations that might be found between brain structural changes and cognition in late adulthood (Karama et al., 2014) . In addition to the small sample size, the fact that brain abnormalities were not assessed is a caveat in our study. Research has shown that brain iron deposits and white matter hyperintensities are associated with lifetime reductions in cognitive ability and cognitive aging (Valdés Hernández et al., 2016) . In fact, there is evidence that age related mineral deposition is particularly prevalent in the globus pallidus (Glatz et al,. 2013 ). Here, age was controlled for in the analyses, but it would be important to detail associated regional lesions and mineral deposition in future studies to ensure that our findings are not confounded by these factors.
The results presented here open a new avenue in the biological substrate underpinning conjunctive STM binding-the globus pallidus. We have strengthened the argument that the hippocampus is not involved in conjunctive STM binding and have demonstrated a possible role for structures within the basal ganglia. We propose that search for the binding task"s neural correlates shifts its focus away from medial temporal lobe structures and towards structures supporting context-free memory with the basal ganglia as promising candidate. Further study will first need to establish reproducibility, and then explore other possible structures involved with conjunctive STM binding. This could provide a better understanding of the mechanisms involved in AD progression, and lead to earlier and more precise disease diagnosis.
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